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INTRODUCTION 

The  overall  effects  of  resection  on  the  remainder  of  the  intes¬ 
tine  have  been  known  for  a  century,  however,  the  control  mechanisms 
that  underlie  these  changes  are  still,  today,  involved  in  deep  contro¬ 
versy.  Moreover,  since  we  have  recently  entered  the  era  of  total 
parenteral  nutrition,  the  importance  of  understanding  these  adaptive 
mechanisms  is  greater  now  than  ever  before.  Total  parenteral  nutrition 
has  made  it  possible  for  a  surgeon  to  maintain  enterectomy  patients 
through  a  critical  post-operative  period  only  to  lose  them  later  be¬ 
cause  of  a  gut  that  cannot  adapt  sufficiently  for  life.  As  Drs .  Wright 
and  Tilson  mention,  in  the'Short  Gut  Syndrome," (  1  ),  it  is  absolutely 
essential  to  know  how  little  and  what  parts  of  the  remaining  intestine 
must  be  viable  prior  to  undertaking  a  heroic  resection  procedure.  For 
the  future,  however,  understanding  the  underlying  mechanisms  of  intes¬ 
tinal  adaptation  would  permit  us  eventually  to  intervene  effectively 
to  induce  more,  or  more  precise  surgery,  and  in  post-operative  care 
to  induce  the  optimal  level  of  adaptation  that  can  possibly  be  reached. 
Thus,  the  studies  in  this  field  of  physiology  are,  indeed,  basic  to 
improve  gastrointestinal  surgery. 
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Historical  Background: 

One  of  the  earliest  recorded  small  intestinal  resections  greater 
than  200  cm  was  performed  by  Koeberle  (  2  )  in  1881  for  the  removal  of 
a  stricture.  From  that  time  until  1912,  Flint  (  3  )  was  able  to  find 
records  of  59  such  procedures  of  which  the  one  performed  by  Ghedini 
(  4  )  in  1905  for  a  stragulated  hernia  was  the  largest  at  524  cms. 
Clearly,  these  operations  at  the  early  part  of  this  century  had  opened 
the  interest  in  intestinal  adaptation,  and  we  see  that  Senn  in  1886 
(  5  )  was  the  first  to  describe  compensatory  hypertrophy  following  a 
removal  of  the  gut  in  the  dog.  Likewise,  Monary,  in  1896  (  6  )  found 
that,  following  80  to  90%  resection,  the  gross  size  of  the 
mucosa  of  the  small  intestine  was  twice  that  of  controls,  and  he  also 
found  that  the  remaining  villi  were  larger  and  more  numerous;  the  last 
observation  being  later  disproved  (7  ) . 

De  Filippi,  in  1894  (  8  )  who  was  the  first  to  study  the  metabolic 
changes  imposed  by  adaptation,  noticed  none  except  a  diminished  fat 
absorption.  Evan  and  Brenizer  (  9  )  noticed  a  more  localized  hypertro¬ 
phy  at  the  sites  of  anastomosis  than  in  the  remaining  intestine.  Flint, 
Professor  of  Surgery  at  Yale,  in  his  superb  study  in  1912  (3  ),  found 
by  carefully  marking  the  serosa  with  indelible  ink  prior  to  surgery  that 
the  resultant  hypertrophy  was  not  due  to  an  increase  in  the  length  of 
the  intestine,  but  only  to  a  corresponding  increase  in  intestinal  dia¬ 
meter  -  with  preservation  of  the  longitudinal  length.  Flint  did  not  find 
an  increased  number  of  villi,  but  he  did  notice  a  decrease  in  number 
per  unit  area,  and,  therefore,  an  increase  in  villus  size.  He  further- 
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more  found  that  although  the  hypertrophy  involved  all  layers  of  the  gut, 
it  was  most  marked  in  the  mucosa  leaving  the  ratio  of  goblet  cells  to 
enterocytes  unchanged.  Finally,  after  performing  from  30-80%  resections 
in  his  various  dogs,  Flint  found  that  the  villus  hypertrophy  was  such 
as  to  increase  the  surface  area  of  the  remaining  intestine  to  that  of 
the  original,  and  that  the  stomach  and  the  colon  play  no  demonstrable 
part  in  the  observed  compensatory  process.  In  his  conclusion,  he  also 
pointed  out  that  this  hypertrophy,  as  previously  explained  by  Virchow 
could  be  explained  either  by  cellular  hypertrophy  or  cellular  hyper¬ 
plasia  . 

Brenizer  (  10  )  found  in  1929  that  the  length  of  the  intestine  was 
only  related  to  the  size  (tallness  and  fatness)  of  the  individual,  and 
not  to  any  amount  of  resection  performed.  Stassoff  (  11  )  was  the  first 
to  show  functional  adaptation  to  small  bowel  resection  in  1914.  Clat- 
worthy  et.  al  (  12  )  in  1952,  also  showed  villus  hypertrophy  in  joun  g 
dogs.  However,  Wildegans  (  13  )  in  1925  and  Jensenius  (  14  )  in  1945 
did  not  notice  intestinal  hypertrophy  after  resections.  Bochkov  (15) 
in  1959,  published  an  independent  work,  where  he  was  obviously  not 
aware  of  earlier  American  and  European  studies,  and  he  determined  that 
the  control  length  of  the  villi  in  rats  increases  with  the  age  of  the 
animal;  he  also  reported  adaptation  of  the  remaining  intestine,  so  that 
after  two  months  post  resection,  the  final  area  of  the  gut  approximated 
that  of  the  control.  However,  Bochkov  noticed  an  increased  number  of 
villi,  a  result  that  has  been  rejected  by  others  (  7  ).  Finally,  he 
showed  that  hypertrophy  was  the  result  of  cellular  hyperplasia  and  not 
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cellular  hypertrophy. 

Booth  et .  al  (16  )  in  1959,  in  a  careful  and  complete  study  using 
the  rat,  performed  1/3  and  2/3  resections  of  either  the  proximal  or  the 
distal  small  intestine  and  found  that  the  animals  subjected  to  proximal 
resection  showed  enlargement  of  the  intestine  distal  to  the  site  of 
anastomosis,  while  the  proximal  segment  showed  no  changes.  Alternately, 
upon  resecting  the  distal  1/3  and  2/3  small  bowel,  he  noticed  no  hyper¬ 
trophy  of  the  proximal  intestine.  The  hypertrophy  was  shown  to  be  due 
to  an  increase  of  both  mucosal  and  muscular  layers.  Furthermore,  the 
intestinal  transit  time  was  seen  to  be  increased  two  to  three  times 
after  resection  of  the  distal  segment,  whereas  similar  resection  of  the 
proximal  segment  showed  that  the  intestinal  transit  time  remained  normal. 
These  workers  stated  that  the  observed  differential  hypertrophy  of  the 
distal  and  proximal  small  bowel  was  caused  by  an  increased  volume  of 
food  presented  to  the  distal  small  intestine,  that  had  a  decreased  tran¬ 
sit  time,  and  that  it  was  the  volume  of  chyme  that  determined  the  size 
of  the  transverse  intestine  at  any  given  point  along  the  gut.  This 
theory  also  explains  the  normal  longitudinal  gradient  observed  in  the 
small  intestine  (  17  ) .  Loran  and  Althauser,  however  ( 18  ) ,  showed  that 
following  10%  distal  resection,  there  was  indeed  an  increase  in  the 
proximal  villus  height  (duodenum  4.9%,  jejunum  36%,  ileum  63%), 
in  the  distance  migrated  by  the  labelled  cells  at  21  hours  (28%,  192.0%, 
296%  respectively) ,  and  in  the  rate  of  turnover  (distance  migrated/height 
of  villus)  (  23%,  114%,  141.0%  respectively),  thus,  implying  that  there 

was  proximal  intestinal  adaptation  after  distal  resection.  In  1965, 
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Porus  (  19  )  studied  the  mucosal  biopsy  specimens  of  two  patients  who 
underwent  75-80%  resection  of  the  small  bowel  two  years  previously  and 
50%  resection  10  years  previously.  He  found  an  increase  of  22%  in  the 
number  of  epithelial  cells  per  unit  length  and  concluded  that  villar 
hypertrophy  was  a  result  of  cellular  hyperplasia.  In  1966,  Dowling 
and  Booth  (  20  )  studied  both  the  anatomical  and  the  functional  response 
to  either  proximal  or  distal  bowel  resection  in  the  rat;  and  they 

made  some  interesting  findings.  As  before,  they  found  that  after  1/2 
to  2/3  distal  resection,  the  residual  jejunum  was  slightly  enlarged, 
as  compared  with  a  control,  whereas,  after  proximal  resection,  the  ileum 
was  markedly  enlarged  -  showing  a  gradient  most  marked  distal  to  the 
point  of  anastomosis.  They  also  noticed  an  increased  villus  height, 
that,  again,  followed  the  general  description  given  above,  and  which 
showed  a  non-significant  increase  in  the  remaining  proximal  intestine, 
with  a  highly  significant  increase  of  the  distal  small  intestine. 

They  also  studied  the  absorption  of  glucose  by  segmental  cannulation 
(See  Methods)  and  found  a  slight  but  significant  increase  in  the 
absorption  of  glucose  by  the  proximal  small  intestine  over  control, 
but  a  marked  and  highly  significnat  increase  in  the  distal  small  intes¬ 
tine.  They  furthermore  showed  a  definite  relationship  (r-  0.78, 
p  0.001)  between  villus  height  and  glucose  absorption  for  the  distal 
small  bowel,  and  less  so  (r z  0.46,  p<  0.02)  for  the  proximal  small 
bowel;  and  they  found  no  increase  in  the . concentration  of  enzymes  in 
the  enterocytes  following  resection  -  thus  concluding  that  the  increase 
in  function  followed  the  increased  surface  area.  Finally,  by  trans¬ 
posing  the  jejunum  into  the  ileum  and  vice  versa,  they  discovered 
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that  the  ileal  segment  shows  marked  enlargement  with  a  concommitant 
increase  in  glucose  absorption,  again  with  a  gradient  greatest  at  the 
point  of  proximal  anastomosis,  while  transposed  jejunum,  however, 
showse  no  significant  changes  in  either  structure  or  function. 

Nygaard  (  21  )  proved  that  after  transections  of  the  small  intestine, 
a  small  degree  of  hypertrophy  was  visible  at  the  anastomosis  and  2  to 
3  cm  proximal  and  distal  to  it,  but  the  rest  of  the  intestine  appeared 
normal.  He,  thus,  concluded  that  this  hypertrophy  could  be  a  reaction 
to  local  changes  -  as  we  shall  see.  He  also  found  that  a  25%  resection 
produced  only  distal  hypertrophy  as  seen  before,  whereas  resection  of 
the  middle  50%,  caused  hypertrophy  of  the  entire  remaining  small  intes¬ 
tine.  He  noticed,  in  fact,  that  the  hypertrophy  was  greatest  at  the 
point  of  anastomosis,  and  decreased  slowly  distally,  whereas  proximally 
the  rate  of  decrease  was  much  more  sharp.  Nygaard  also  found  that 
hypertrophy  occurred  after  bypassing  the  proximal  75%  of  small  intestine 
with  an  end  to  side  anastomosis.  In  these  cases,  the  bypassed  loop 
showed  a  moderate  increase  in  diameter  and  hypertrophy  of  the  wall,  but 
the  mucosal  membranes  underwent  relative  atrophy 

Skala  ( 22  )  performed  a  careful  study  of  the  area  of  remaining 
small  intestine  following  various  resections  and  found  that  by  correlat¬ 
ing  this  area  to  the  villus  length,  he  obtained  a  straight  line,  and 
concluded  that  the  increase  in  mucosal  surface  area  was  due  solely  to 
the  increase  in  villus  length-  thus  confirming  the  early  calculations 
of  Flint  (  3  ) . 
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Wright  ( 23  )  in  1969,  showed  that  human  ileostomies  four  months 
after  resection  increased  water  absorption,  villus  length,  and  villus 
cell  count.  He  also  (  24  )  demonstrated  in  rats  an  increase  in  ileal 
villus  length  and  villus  cell  count,  as  well  as  increase  in  water  ab¬ 
sorption,  2  months  after  colectomy  and  ileoproctostomy .  Similarly, 
Tilson  and  Wright  (  25  )  found  a  significant  increase  in  the  specific 
activity  of  the  enzyme  Na-K  ATPase.  This  was  in  contrast  to  studies 
by  Weser  and  PO  (2,&)  who  showed  a  significant  decrease  in  the  activi¬ 
ties  of  lactose,  sucrose,  and  maltose  after  small  bowel  resection. 

In  the  case  of  the  Na-K  ATP  ase  increase,  Tilson  and  Wright  concluded 
that  ileal  adaptation  included  a  rise  in  the  level  of  their  enzyme  per 
cell,  either  as  a  result  of  an  increase  in  enzyme  density  at  the  plas¬ 
ma  membrane  or,  alternatively,  as  a  result  of  an  increase  in  plasma 
membrane  itself.  In  1972,  Tilson  and  Wright  (  27  )  showed  by  electron 
micrography  of  the  ileal  enterocytes  that  following  massive  small  in¬ 
testinal  resection,  a  marked  increase  in  size  of  the  lateral  membrane 
results.  Since  Quigly  and  Gotterer  (28)  had  proven  earlier  that  the 
lateral  plasma  membrane  had  the  greatest  activity  for  Na-K  ATPase,  this 
could  therefore  mean  that  the  increase  in  enzyme  activity  was  a  result 
of  the  increase  in  lateral  membrane  surface  area.  Forrester  (  7  ) 
counted  the  number  of  villi  after  small  bowel  resection  and  found  that 
they  remain  the  same.  Oya  and  Weser  (  29  )  (  30  )  found  that  after  small 
bowel  resection,  there  is  reciprocal  increase  in  Na-K  ATPase  activity 
and  decrease  in  adenyl  cyclase  -  an  enzyme  that  is  indirectly  involved 
in  Cl”  secretion  through  cyclic  AMP.  Finally,  Livston  and  Tilson  (31) 
found  in  1975  that  three  days  after  small  bowel  resection,  there  is  an 
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increase  in  the  uptake  of  thymidine  before  any  hypertrophy  is,  in  fact, 
evident . 

The  Problem 

All  of  the  work  reviewed  in  the  previous  section  demonstrates 
with  only  a  few  contradictory  papers  (  13  )  (  14  )  that  there  is  definite 
adaptation  following  any  significant  large  or  small  bowel  resection, 
and  that  this  adaptation  is  expressed  by  an  increased  number  of  mucosal 
cells  -  enterocytes  -  per  villus  unit,  and,  therefore,  by  increased 
villus  length  and  surface  area  -  so  that  the  new  surface  area  approxi¬ 
mates  the  original  ("structural  adaptation") .  It  was  also  evident  that 
a  corresponding  increase  in  absorption  of  solutes  and  water  does  occur, 
not  only  from  this  increase  in  surface  area,  but  also  from  an  increase 
in  the  specific  activity  of  certain  enzymes  such  as  Na-K  ATPase 
("functional  adaptation") . 

The  models  for  the  control  mechanisms  involved  in  adaptation  will 
be  briefly  discussed  here,  but  they  will  be  analyzed  in  more  detail  in 
the  discussion. 

The  first  such  hypothesis  is  the  "tissue  mass"  theory.  As  devel¬ 
oped  originally  from  studies  on  the  liver  and  an  extensive  mathematical 
model  (  32  ) ?  this  theory  states  that  the  living  tissue  of  an  organ 
secretes  a  feedback  inhibiting  substance,  and  that  when  the  tissue  is 
resected  or  destroyed,  the  concentration  of  the  secreted  substance  in 
its  environment  therefore  decreases,  and  that  as  a  result  of  this  de- 
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cline  in  inhibitor  substance,  the  neighboring  viable  cells  can  again 
grow  until  the  organ  reaches  the  same  substance  concentration  level, 
i.e.,  the  same  mass.  The  main  problem  with  this  theory  is  that  hyper¬ 
trophy  occurs  in  the  absence  of  resection  or  tissue  destruction  (33  ). 
The  second  theory  is  the  "innervation  theory",  which  states  that  after 
resection  of  part  of  the  intestine,  the  remaining  part  will  be  induced 
via  the  neural  pathway  to  hypertrophy.  Although  there  is  some  proof  for 
this  model  ( 34  )  ,  it  does  not  explain  other  data  (35  )  (  36  )  (  1). 

The  "intra- luminal"  hypothesis  states  that  the  hypertrophy  of  the  bowel 
is  secondary  to  changes  (i.e.  increases)  in  bowel  content,  and  it  is 
divided  into  three  subtheories: 

a)  that  the  volume  of  chyme  produces  hypertrophy  ("bulk  mass" 
theory) , 

b)  that  the  increase  nutrient  in  the  chyme  cause  hypertrophy 
("nutrient  hypothesis"),  and 

c)  that  the  nutrients  effect  a  release  of  an  "endogenous  intra¬ 
luminal"  growth  factor. 

Finally,  because  hypertrophy  of  the  ileum  does  occur  after  colectomy, 
which  is  a  phenomenon  that  the  previous  theory  cannot  explain,  Tilson 
and  Wright  ( 33  )  proposed  the  "functional  demand"  theory,  which  basical¬ 
ly  states  that  the  organism  may,  presumably  through  hormones,  hyper¬ 
trophy  the  intestines  in  response  to  food  and  water  needs.  Thus,  a 
colectomy,  in  reducing  absorption  of  sodium  and  water,  can,  in  fact, 
induce  a  humoral  homeostatic  change  that  will  result  in  the  hypertrophy 
of  the  remaining  intestine. 
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As  we  shall  see,  the  controversy  centers  around  the  last  two 
theories,  and  this  experiment  was  designed  to  test  between  them. 
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METHODS 

Surgery: 

Forty  male  Sprague-Dawley  rats  weighing  between  180-250  grams 
were  divided  into  four  groups. 

Colectomy  -  Water  Group  (C-W) 

Subtotal  colectomies  with  end  to  end  anastomosis  were  performed 
on  these  animals  after  weighing  them  as  follows.  The  animal  was  kept 
on  a  pure  liquid  diet  for  24  hours,  and  was  then  anesthetized  with 
Pentobarbital  intraperitoneally  40  mg/kg.  The  animals  were  not  anes¬ 
thetized  with  ether  because  it  was  found  that  ether  often  causes 
excessive  pulmonary  secretions  that  further  compromise  respiration 
during  anesthesia.  The  abdominal  skin  was  then  shaved  and  washed  with 
betadine  solution,  and  after  the  rat  was  secured  a  midline  abdominal 
incision  was  performed  from  just  below  the  sternum  to  1  cm.  above  the 
pelvis.  Dissection  was  carried  into  the  abdominal  cavity,  which  was 
carefully  opened.  The  small  viscera  was  then  placed  on  gauze  pads 
soaked  in  saline.  The  small  intestine  was  explored  and  the  superior 
mesenteric  artery  was  located  (See  figure  1  ).  Subsequent  careful 
blunt  dissection  of  the  narrow  strip  of  mesentery  found  between  the 
superior  mesenteric  vessels  and  the  colon  permitted  the  identification 
and  ligation  with  5-0  Dexon  of  all  the  vessels  feeding  the  ascending 
colon.  The  vessels  were  ligated  as  close  to  the  superior  mesenteric 
artery  and  vein  as  possible,  being  very  careful  not  to  compromise  the 
latter  vessel,  and  the  vessels  to  the  ileocecal  area  were  also  tied. 


Vessel 

ligated 
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The  ascending  colon  was  then  freed  from  its  mesenteric  attachments  up 
to  the  level  of  the  hepatic  flexure,  where  the  colateral  vessels  were 
also  tied  and  the  bowel  transected  at  that  point.  The  ileum  was  then 
transected  midway  between  the  blood  supply  to  the  ileocecal  area  pre¬ 
viously  ligated  and  the  blood  supply  from  the  viable  distal  ileal 
blood  vessels:  about  1  to  3  cm.  proximal  to  the  ileocecal  valve.  The 
previously  freed  ascending  colon  with  the  ileocecal  attachment  and  1 
to  3  cm.  of  the  distal  ileum  were  thus  resected  while  the  proximal 
ileal  end  was  then  carefully  placed  inside  a  moist  gauze  pad  to  pro¬ 
tect  the  peritoneal  cavity  from  soiling  during  the  remainder  of  the 
procedure.  The  proximal  end  of  the  remaining  (transverse)  colon  could 
then  be  reflected  to  the  other  side  of  the  small  intestinal  mesentery, 
and  after  further  tying  off  the  ascending  branch  of  the  inferior  mesen¬ 
teric  a  &  v  as  well  as  all  other  vessels  supplying  the  transverse  and 
descending  colon,  this  remaining  segment  of  the  colon  was  also  freed 
from  its  mesenteric  attachments  and  transected  at  the  point  midway 
between  the  entrance  of  the  previously  ligated  ascending  branch  and 
the  "rectal"  branches  of  the  inferior  mesenteric  vessels,  about  2-4 
cm.  proximal  to  the  rectum,  thus,  permitting  a  removal  of  the  trans¬ 
verse  and  descending  colon.  The  distal  ileum  was  then  anastomosed 
end  to  end  to  the  remaining  2  to  4  cm.  colon  by  using  5-0  De xon  su¬ 
tures.  Finally,  the  peritoneal  cavity  was  inspected  for  gross  hema¬ 
tomas,  bleeding,  and  inadvertent  soiling.  Then,  it  was  washed  with 
warm  saline  and  closed  in  two  layers  with  3-0  Efexon,  making  the  last 
skin  layer  a  running  suture. 
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These  animals  were  placed  on  a  standard  food  pellet  diet  and 
distilled  water. 

Colectomy  -  Salt  Group  (C-S) 

In  this  group  the  same  subtotal  colectomy  was  carried  out  as  in 
the  previous  group,  but  the  animals  were  kept  on  a  diet  of  standard 
food  pellets  and  .45%  NaCl  solution  as  the  only  water  supply.  This 
concentration  of  NaCl  was  used  arbitrarily  after  it  was  found  that 
.9%  NaCl  was  not  tolerated  by  the  animals,  but  .45%  was  readily  ac¬ 
cepted  by  them. 

Sham  -  Water  Group  (S-W) 

The  animals  were  anesthetized,  shaved,  and  opened  as  before.  The 
terminal  ileum  was  then  transected  at  the  same  point  as  in  the  colec¬ 
tomies,  but  it  was  immediately  re-anastomosed,  and  the  body  closed  as 
before.  These  animals  were  kept  on  a  standard  food  pellet  diet  with 
distilled  water. 

Sham  -  Salt  Group  (S-S) 

These  animals  were  operated  the  same  as  the  sham  water  group,  but 
they  were  kept  on  a  standard  food  pellet  diet  and  .45%  NaCl  solution 
as  their  only  water  supply. 

Post-Operative  Course 

All  of  these  rats  were  kept  alive  for  4  weeks  prior  to  performing 
the  subsequent  studies.  Most  of  the  few  animals  that  died  in  this 
period  did  so  in  the  first  4  post-operative  days:  the  most  important 
causes  being  abdominal  sepsis  due  to  leakage  from  anastomosis,  and 
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bleeding  from  a  poorly  tied  vessel.  Of  the  ones  who  survived  the 
first  four  post-operative  days,  most  were  still  healthy  to  undergo  the 
experiments  4  weeks  later.  After  a  couple  of  weeks  post-operatively , 
the  colectomies  began  to  gain  weight.  All  were  watched  for  loss  of 
weight,  failure  to  thrive,  excessive  and  prolonged  diarrhea,  and  hair 
discoloration.  These  problems  tended  to  occur  together,  and,  if  present, 
were  associated  with  a  significant  3-week  mortality  rate,  and  were  also 
the  main  reason  for  disregarding  some  data  in  the  subsequent  post¬ 
operative  studies. 

Post-operative  Studies: 

Biopsy  After  4  weeks,  each  rat  was  anesthetized  with  Pentobarbital 
40  mg/kg  and  the  abdomen  was  re-opened  as  before.  A  transection  of 
the  ileum  was  made  5  cm.  proximal  to  the  previous  anastomosis  and  a 
segment  of  ileum  1  cm.  in  length  was  resected  and  placed  intact  in 
formaline  10%  solution.  The  biopsies  were  sectioned  transversely  at 
5 /j  ,  and  stained  with  hematoxylin-eosin.  The  sections  were  coded  to 
prevent  biased  reading,  and  were  read  "blindly"  in  the  microscope, 
using  a  micrometer,  as  follows:  the  height  of  the  5  tallest  villi  of 
each  biopsy  specimen  was  measured  from  the  base  of  the  crypt  to  the 
tip  of  the  villi  and  also  from  the  base  of  the  crypt  to  the  top  of 
the  crypt  (as  recognized  by  a  slight  decoloration  of  the  cells  at 
that  point) .  The  villus  length  is  equal  to  the  villus  height  minus 
the  crypt  height,  and  both  the  crypt  height  and  the  villus  length  were 


recorded  for  all  animals. 
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Perfusion  Experiment 


A  perfusate  solution  containing: 


Na 


140  meq/L 


Cl 


140  meq/L 


glucose 


180  mg% 


Polyethyl 
glycol  (PEG) 


1  % 


was  prepared  and  stored  daily.  After  the  resection  biopsy  was  taken, 
as  mentioned  above,  the  remaining  transected  ileum  was  cannulated  with 
a  plastic  catherer  and  a  second  similar  catherer  was  inserted  via  an 
incision  approximately  10  cm.  proximal  to  the  first.  The  intestine 
was  washed  of  its  fecal  content  with  perfusate  solution  introduced 
through  the  proximal  catherer,  and  this  catherer  was  then  connected 
to  an  automatic  pump  that  delivered  .28  cc/min  of  the  perfusate.  The 
perfused  intestine  was  allowed  to  equilibrate  for  45  minutes,  and 
then  two  consecutive  10  minute  samples  were  obtained  through  the  dis¬ 
tal  catherer.  Control  samples  were  also  obtained  from  the  perfusate 
solution.  These  samples  were  later  assayed  for  PEG  and  Na  concentra¬ 
tions,  and  the  net  water  and  sodium  flux  rates  were  calculated  using 
the  method  of  Levitan  and  associates  (  ) . 

Water  flux:  (in  >j  L/  hr/  cm) 


=  (Vin)  -  (Vin)'  (PEGJLn) 
(PEG  re) 


10  cm 


where  Vin  =  volume  infused  (280  Jf L/min  x  60  min/hr) 


PEG  in  =  concentration  of  PEG  in  original  solution 
PEG  re  =  concentration  of  PEG  in  perfusate  from  ileum 
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10  cm  =  length  of  ileum  perfused 
Na  flux  =  Af  Eq/  hr /cm 


PEG  in 

=  (Na  in)  (Vin)  -  (Na  re)  (Vin  PEG  re) 

10  cm 

Na  in=  (AjEq/^fL)  of  infused  fluid. 

Na  re=  (jLj  Eq/tfL)  of  recovered  fluid. 


Na/K  ATP  ase  Assay:  A  variation  of  the  method  of  Katz  and  Epstein  (  38  ) 

was  used  for  this  procedure.  A  further  10  cm.  of  remaining  small 
intestine  was  resected,  washed  with  saline,  and  opened  by  a  longitudi¬ 
nal  cut  along  its  anti-mesenteric  border.  The  mucosa  was  carefully 
washed,  stretched  on  a  table  and  rapidly  scraped  off  into  a  chilled 
vial  with  a  dull  scalpel  blade.  The  scraped  mucosa  was  weighed  and 
Histidine/HCI  buffer  (pH  7.4)  was  then  added  in  a  1/20  W/V  amount. 

The  vial  was  immediately  sonicated,  and  the  resulting  mucosal  hemo- 
genate  was  kept  at  0-5°  C  in  an  ice  bath.  All  enzyme  assays  were  per¬ 
formed  within  one  hour  of  this  extraction.  The  assay  was  performed 
by  pipetting  a  .1  ml  of  the  hemogenate  into  4  vials,  two  of  which 
were  duplicates  that  contained  1  ml.  of  50  mM  Histidine/HCI  buffer 
pH  7.4,  3  mM  Mg  Cl,  3  mM  ATP  (Mg  salt),  100  mM  NaCl,  10  mM  KCI.  The 
reaction  was  started  by  adding  the  ATP  and  the  mixture  was  incubated 
at  37°  C  for  15  minutes.  Reaction  was  stopped  by  adding  1  ml  of  10% 
Trichloro  acetic  acid,  centrifuged, and  the  inorganic  phosphate  liberated 
was  determined  by  the  Fiske  Subbarrow  (  39  )  procedure.  The  other 
duplicate  vials  did  not  contain  NaCl/KCI,  but  were  otherwise  alike  and 
were  treated  the  same  way.  The  Na/K  ATP  ase  activity  was  equal  to 
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the  difference  between  the  activity  of  the  Phosphate  ATPase  with  Na/K 
and  without  Na/K  and  was  expressed  in  Jf  m  of  phosphate/g  of  protein/hr 
The  weight  of  protein  was  determined  colorimetrically  using  the  Lowry 
method  (  40  )  • 

DNA/RNA  Studies:  were  performed  .by  Dr.  M.  David  Tilson  from  the  re¬ 
maining  frozen  mucosal  hemogenate  by  using  the  auto  analyzer. 
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RESULTS 

Villus  Length:  (See  Figure  2  ) .  There  was  a  significant  difference 
(p  0.01)  between  the  villus  length  of  colectomy  animals  and  shams. 

The  villi  of  the  former  had  clearly  hypertrophied.  However,  no  signi¬ 
ficant  difference  was  measured  between  the  colectomies  kept  on  the 
water  and  the  colectomies  kept  on  salt. 

Crypt  Height:  (See  Figure  3  and  Table  3B  ).  Clearly,  there  was  no 
difference  in  the  height  of  the  crypts  in  the  four  animals. 

Water  and  Sodium  Absorption  Readings 

The  figure  and  tables  on  page  22  show  that  colectomy  caused  an 
increase  in  the  rates  of  water  and  sodium  absorption.  However,  both 
of  these  readings  were  not  found  significantly  increased  (p«£  .05)  if 
the  colectomized  animals  were  kept  on  a  salt  diet. 

Sodium-Potassium  ATPase  Assay:  (See  Figure  5  and  Table  5B  ) . 

One  of  the  most  significant  results  of  these  experiments  concern 
the  increased  Na/K  ATPase  activity  per  g  of  protein  of  the  colectomy 
animals  kept  on  a  water  diet,  and  that  failed  to  appear  in  the  colectomy 
animals  kept  on  a  salt  diet  (p<  0.01). 
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FIGURE  2 


Villus  Length  -  (Villus  height  -  crypt  height) 


COLECTOMY  COLECTOMY  SHAM  ON  SHAM  ON 

ON  WATER  ON  SALT  WATER  SALT 


TABLE  2B 


Villus  Length  ^ 1 10  1”  SEM  N 


GROUP 

A 

Colectomy  Water  = 

30.  A 

+ 

1.2 

11 

GROUP 

B 

Colectomy  Salt  = 

32.0 

+ 

1.4 

11 

GROUP 

C 

Sham  Water  = 

24.9 

+ 

1.3 

12 

GROUP 

D 

Sham  Salt  = 

26.7 

+ 

1.1 

11 

This  table  and  its  correspondin g  figure  demonstrate  a 
significant  increase  in  the  villi  length  of  the  colectomies 
as  opposed  to  the  shams  (p^.  0.01),  but  no  significant 
difference  between  the  two  colectomy  groups  is  found. 
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FIGURE  3  Crypt  Height 


COLECTOMY  COLECTOMY  SHAM  ON  SHAM  ON 

ON  WATER  ON  SALT  WATER  SALT 


TABLE  3B 


Crypt  Height 

V/10 

+SEM 

N 

GROUP 

A 

Colectomy  Water 

=  20.1 

+ 

1.2 

13 

GROUP 

B 

Colectomy  Salt 

=  20.5 

+ 

.8 

13 

GROUP 

C 

Sham  Water 

=  21.1 

+ 

.9 

13 

GROUP 

D 

Sham  Salt 

=  19.1 

+ 

1.2 

12 

This  diagram  and  its  corresponding  Table  show  no  significant  difference 


in  the  crypt  of  the  heights  of  the  four  different  groups. 
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FIGURE  \  Water  Absorption 

500 
400 

ul/hr/ cm 

300 
200 
100 


COLECTOMY  COLECTOMY  SHAM  ON  SHAM  ON 

ON  WATER  ON  SALT  WATER  SALT 


TABLE 


Water  Absorption 

ul/hr/ cm 

±  SEM 

N 

Colectomy  Water 

232 

+  59 

5 

Colectomy  Salt 

114 

+  23 

8 

Sham  Water 

86 

+  13 

8 

Sham  Salt 

61 

+  15 

5 

(232) 


•  • 
: 


(114) 


(86) 


1 4(61) 


This  graph  and  its  corresponding  table  show  that  the  colectomies 
kept  on  a  water  diet  have  a  significant  (p  .05)  increase  in 
water  absorption  not  only  over  the  controls  but  also  over  the 
colectomies  kept  on  a  salt  diet.  This  difference  parallels  the 
sodium  absorption  difference  shown  on  the  next  page  -  which 
also  have  a  p  <  .05. 


23 


Sodium  Absorption 


GROUP  Eq/  hr/  cm 

+  SEM 

N 

GROUP  A  -  COLECTOMY  WATER 

46.2  +  13.1 

5 

GROUP  B  -  COLECTOMY  SALT 

16.9  ±  4.8 

6 

GROUP  C  -  SHAM  WATER 

9.2  +  3.9 

7 

GROUP  D  -  SHAM  SALT 

11.2  ±  3.2 

4 
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iptPi/g/hr 

5- 

Cr. 

COLECTOMY  COLECTOMY  SHAM  ON  SHAM  ON 

ON  WATER  ON  SALT  WATER  SALT 

TABLE  Enzyme  Activity  of  Na/K  ATP  ase 


GROUP 

g/hr 

+ 

SEM 

N_ 

GROUP 

A 

Colectomy  on  Water 

8.391 

+ 

.43 

4 

GROUP 

B 

Colectomy  on  Salt 

7.00 

+ 

.43 

6 

GROUP 

C 

Sham  on  Water 

6.49 

+ 

.22 

5 

GROUP 

D 

Sham  on  Salt 

6.24 

+ 

.55 

5 

FIGURE 


8.39) 


••-J-  (7.0) 


j-(6.49) 


(6.24) 


This  figure  and  its  corresponding  table  show  that  there  was 
significantly  increased  enzyme  activity  (p 0.01)  in  the  colec- 
tomized  rats  kept  on  a  water  diet,  but  that  the  colectomized 
rats  kept  on  a  salt  diet  did  not  demonstrate  this  increase 
(p  <  0.01)  . 
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TABLE 

DNA  -  RNA  Studies  (Performed  by  Dr.  M.  David  Tilson  from  the 

homogenate  of  mucosa) . 


SHAM  ON 
WATER 
±  SEM 

COLECTOMY 

ON  WATER 

±  SEM 

SHAM  ON 

SALT 

±  SEM 

COLECTOMY 

ON  SALT 

±  SEM 

DNA 

1.22  +  0.1 

1.13  +  .le 

1.19  ±  .09 

1.18  +  .11 

g/mg  wet 

tissue 

N=8 

N=6 

N=ll 

N=8 

* 

_ 

1.95  +  .20 

2.67  +  .26 

1.55  +  .22 

1.28  +  .21 

RNA 

g/m  wet 

8 

3 

11 

8 

tissue 

j 

1.75  +  .30 

2.06  +  .64 

1.45  +  .26 

1.23  +  .27 

RNA/ DNA 

8 

3 

11 

8 

1 

This  table  shows  no  significant  changes  in  DNA  and/or  RNA  values 


or  ratios  among  the  colectomies  and  sham  animals. 
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DISCUSSION 

The  results  of  this  experiment  clearly  show  a  compensatory  in¬ 
crease  in  villus  length  after  colectomy  that  was  independent  of  salt 
loading  as  well  as  a  functional  increase  in  Na/K  ATPase  enzyme  activi¬ 
ty,  salt,  and  water  absorption  that  were  effectively  inhibited  by  pre¬ 
vious  salt  loading.  The  villus  length  of  both  colectomy  groups  were 
increased  24%  and  28%  respectively.  While  the  water  flux  was  increased 
269%  in  the  colectomies  kept  on  water,  it  only  increased  32%  in  the 
colectomies  kept  on  salt.  Likewise,  the  sodium  flux  increased  502%  in 
in  the  colectomies  kept  on  water  and  only  83%  in  the  ones  kept  on  salt. 
Finally,  the  Na/K  ATPase  activity  was  increased  by  29%  in  the  colecto¬ 
mies  kept  on  water  and  only  7%  in  the  ones  kept  on  salt.  Thus,  it  ap¬ 

pears  that  salt  loading  can  influence  the  functional  but  not  the  struc¬ 
tural  adaptation  of  the  ileum  to  colectomies.  We  can  therefore  postu¬ 
late  two  different  control  mechanisms  in  operation  here.  The  "func¬ 
tional  control,"  probably  hormonal,  inhibiting  the  increase  in  enzyme 
activity  and  concommitant  increase  in  absorption  of  sodium  and  water, 
and  the  "structural  control"  that  was  not  affected  by  increases  in 
ingested  sodium.  We  would  have  liked  to  observe,  by  using  electron 

micrography,  whether  there  are  any  differences  in  the  lateral  membranes 
of  the  ileal  mucosal  cells  in  the  two  colectomy  groups  since  Tilson  and 

Wright  (  27  )  showed  increased  lateral  membrane  size  of  enterocytes 

following  small  bowel  resection.  Now,  we  will  discuss  the  different 
theories  proposed  to  explain  the  control  of  adaptation,  and  we  will 
then  analyze  our  results  in  terms  of  each  of  these  models. 
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Tissue  Mass  Hypothesis 

One  of  the  first  hypotheses  to  be  proposed  is  that  of  the  "tissue 
mass".  It  was  proposed,  with  the  liver  as  the  model,  to  explain  growth 
of  that  organ  from  ceils  that  are  generally  quiescent,  and  only  after 
part  of  the  liver  has  been  destroyed  by  disease  or  resection.  The 
theory  states  that  every  cell  secretes  a  finite  amount  of  growth  re- 
pressant  or  inhibitor  -  a  substance  whose  concentration  in  the  media 
is  related  to  the  sum  of  all  the  individual  secretions.  When  and  if 
this  concentration  falls  below  a  critical  value,  it  will  induce  mitosis 
and  the  production  of  new  cells  until  that  value  is  re-established. 

This  homeostatic  feedback  model  was  considered  in  detail  by  Weiss  and 
Karanow  (  32  ),  who  also  prepared  the  mathematical  calculations.  In 
considering  the  small  intestine,  this  control  could  not  act  on  abso¬ 
lute  growth  of  the  crypt  cells,  but  on  the  variation  of  the  rate  of 
growth  to  create  new  steady  states. 

Nygaard  (21)  found,  for  example,  that  transection  and  reanastorao- 
sis  of  the  bowel  in  rats  creates  a  2-3  cm.  zone  of  hypertrophy  both 
proximally  and  distal  to  the  site  of  anastomosis,  with  the  remainder  of 
the  intestine  appearing  essentially  normal.  This  observation  could  con¬ 
ceivably  be  explained  by  a  localized  area  of  "depression"  secondary  to 
local  diminishment  in  inhibitor  occurring  because  of  poor  local  circu¬ 
lation  of  the  anastomosis  and  concommitant  tissue  ischemia. 

Tilson  (41),  noticed  jejunal  mucosal  hypertrophy  7  days  after  cross 
clamping  a  jejunal  segment  for  9  minutes.  This  phenomenon  is  also 
true  of  other  organs  such  as  the  skin  (  42  ) .  Ballinger  (34)  ,  on  the  other 
hand,  noticed,  after  temporary  vascular  occlusion,  an  immediate  loss  of 
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villi  structure  that  later  reverted  to  normal.  As  we  shall  see,  numer¬ 
ous  experiments  which  involve  bypassed  intestine,  where  there  is  no 
functioning  tissue  removed,  cast  important  doubt  on  the  "tissue  mass" 
hypothesis . 

The  Innervation  Hypothesis 

The  "innervation  hypothesis"  states  that  autonomic  innervation  to 
the  gut  is  responsible  for  regulating  growth  rates.  Balinger  ( 34  ) 
selectively  denervated  a  segment  of  the  small  intestine  in  one  group 
of  dogs,  and  autotransplanted  a  similar  segment  in  another  group.  He 
found  that  biopsies  of  the  autotransplanted  intestine  3  weeks  post- 
operatively  showed  almost  complete  loss  of  mucosa  and  no  normal  villi. 
By  14  weeks,  however,  the  mucosa  had  completely  regenerated, although 
the  villi  remained  shortened,  thickened, and  club-like  in  appearance. 
Finally,  after  8  months  post-autotransplantation,  the  biopsies  were 
similar  in  all  respects  to  the  controls.  Furthermore,  he  also  found 
that  complete  denervation  without  ischemia  reproduced  all  the  changes 
observed  follwoing  autotransplantation,  and  thus  concluded  that  the 
nervous  system  plays  a  major  part  in  structural  adaptation. 

Silen  et.  al  (43  )  performed  total  abdominal  vagotomy  with  Hei- 
necke-Mikulicz  pyloroplasty  in  dogs.  They  found  that  vagotomy  is 
associated  with  an  increase  in  the  fraction  of  small  intestine  epithe¬ 
lial  cells  in  the  phase  of  DNA  synthesis  and  that  this  was  accompanied 
by  a  decrease  in  the  height  of  the  villi.  This  apparently  paradoxical 
phenomenon  can  be  explained  by  postulating  an  increase  destruction  of 
the  villus  tip  cells.  This  increase  destruction  could  result  from  de¬ 
creased  intestinal  perfusion  secondary  to  nerve  resection,  but  it  could 
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also  be  due  to  bacterial  overgrowth  secondary  to  increase  in  pH  accom¬ 
panying  vagotomy.  Using  the  radiorubidium  distribution  technique, 

Delany  (  35  )  was  not  able  to  find  any  changes  in  blood  flow  following 
colectomy,  and  Bejar  (  36  )  did  not  observe  any  changes  in  morphology, 
villus/crypt  ratio  or  mitotic  index  in  man  three  weeks  following  vago¬ 
tomy.  However,  Touloukian  et.  al  (  44  )  measured  with  radiorubidium 
the  blood  flow  to  the  jejunum  and  ileum  two  days  and  two  months  after 
mid-gut  resection,  and  found  that  although  the  blood  flow  to  the  jeju¬ 
num  remained  proportionally  reduced  to  the  amount  resected,  the  blood 
flow  to  the  ileum  increased  to  normal  irrespective  of  the  amount  re¬ 
sected.  He  found  that  as  soon  as  2  days  after  resection,  the  blood 
flow  per  unit  area  of  ileal  segment  was  much  greater  than  the  control. 
Because  they  postulated  that  the  control  of  blood  flow  was  neurological, 
Touloukian  et.  al  (  45  )  then  studied  the  adrenergic  innervation  of  the 
jejunal  and  ileal  remnant,  and  found  that  although  both  the  jejunal  and 
ileal  remnant  had  a  25%  decrease  in  catecholamine  levels,  after  surgery, 
the  jejunal  level  was  normal  at  two  months,  whereas  the  ileal  level  was 
further  depressed  by  50%  at  that  time.  Histochemical  fluorescence 
studies  of  adrenergic  innervation  also  showed  a  striking  reduction  in 
the  hypertrophied  ileal  segment.  However,  they  were  quick  to  point  out 
that  the  causal  relationship  between  adrenergic  innervation  and  com¬ 
pensatory  hypertrophy  is  conjectural. 

Wright  and  Tilson  (  1  )  found  no  change  in  mucosal  height  or 
cellular  migration  rates  in  jejunum  or  ileum  2  weeks  after  vagotomy  or 
pharmacological  sympathectomy.  Also,  Ellis  and  Pryse-Davies  (  46  ) 
could  find  no  changes  in  succinate  dehydrogenase,  alkaline  phosphatase 
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and  leucine  aminopeptidase  after  vagotomy,  and  found  no  villus  morpho¬ 
logical  changes.  Thus,  the  innervation  hypothesis  does  not  seem  to 
play  a  major  part  in  adaptation,  particularly  in  a  chronic  state. 

The  Intraluminal  Hypothesis 

The  intraluminal  theory  of  hypertrophy  was  first  proposed  by  Booth 
et.  al  (16)  in  1959  as  the  "dietary  bulk"  hypothesis.  Because  he  found 
marked  differences  in  hypertrophy  of  the  proximal  versus  the  distal 
small  intestine  after  resection  in  that  the  remaining  distal  intestine 
became  hypertrophied  whereas  the  proximal  small  intestine  did  not,  he 
proposed  that  the  volume  of  diet  induced  hypertrophy  of  the  gut.  After 
resection  of  the  proximal  small  intestine,  he  reasoned,  all  the  chyme 
that  would  otherwise  have  been  absorbed  by  this  lost  segment  is  now  pre¬ 
sented  distally,  with  subsequent  adaptation  there.  This  theory  would 
also  explain  the  normal  gradient  observed  in  the  small  intestine:  the 
intestinal  size  is  most  marked  at  the  duodenum  and  gradually  decreases 
distally  (  17 ).  Babak  (  47  )  in  1906,  showed  that  frogs  could  be  raised 
either  on  a  pure  meat  diet,  or  on  a  pure  vegetable  diet.  He  found 
that  animals  kept  on  a  vegetable  diet  had  developed  increased  hypertrophy 
over  those  fed  entirely  on  meat.  It  is  known  (  48  )  that  a  vegetable  diet 
becomes  hypertonic  to  the  proximal  intestine,  and  thus  induces  a  greater 
volume  than  a  meat  diet  would.  Also,  Kennedy  and  McLance  (  49  )  had  fed 
a  mixture  of  3:1  kaolin/normal  food  pellet  in  the  diet,  to  rats,  and  had 
observed  enlargement  of  the  gut  to  four  times  its  normal  size. 

Friedman  (  50  )  had  also  noticed  that  mice  kept  for  6  months  on 

50%  talc  ciet  showed  a  weight  of  the  empty  small  intestine  of  13.5%  of 
the  total  body  weight,  whereas  in  control  mice  this  was  only  9%  -  both 
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groups  showing  similar  average  body  weights.  Furthermore,  these  work¬ 
ers  noticed  that  the  mucosa  showed  the  greatest  increase  in  body  weight. 
However,  they  did  notice  that  while  the  thickness  of  the  mucosal  layer  is 
11%  greater  in  the  talk-treated  animals  then  in  the  controls,  the  height 
of  the  villi  is  much  smaller.  The  impression  was  that  the  increase  in 
thickness  was  only  due  to  increase  in  the  size  and  numbers  of  the  glands, 
and  that  the  villi  did  not  appear  cut-off  but  only  shorter.  Also, 

Dowling  et.  al  (51)  showed  no  "structural  hypertrophy"  do  high  bulk 
diet,  while  Riecken  et.  al  (52)  demonstrated  no  changes  in  structure 
but  a  definite  increase  in  the  absorptive  capacity  of  the  bowel  to  high 
bulk  diet  -  showing  also  an  increase  in  the  concentration  of  enzymes  in 
the  absorptive  epithelium.  These  results  are  very  interesting  if  they 
are  compared  both  to  the  results  of  Dowling  and  Booth  and  to  our  own. 

As  seen  previously,  Dowling  and  Booth  (  20  )  also  showed  distal  hypertro¬ 
phy  to  proximal  small  bowel  resection,  and  they  noticed  a  direct  correla¬ 
tion  between  the  absorptive  capacity  of  the  gut  and  its  structural  hyper¬ 
trophy.  In  fact,  they  postulated  that  the  increased  absorption  was  not 
due  to  an  intrinsic  increase  in  cellular  absorption  or  cellular  enzymatic 
activity,  but  only  to  an  increase  in  the  number  of  cells  present.  They 
found,  using  histochemical  analyses,  no  increase  in  the  cellular  enzyme 
concentration  after  resection.  We  found  that  the  increase  in  functional 
absorptive  activity,  that  occurs  after  colectomy,  could  be  independently 
inhibited  by  previous  high  salt  loading  without  affecting  the  structural 
adaptation.  Thus,  it  appears  that  "functional  adaptation",  as  in  the  case 
of  the  high  bulk  diet  or  salt  loading,  is  controlled  by  the  "need"  of  the 
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organism  for  a  given  substrate,  whereas  structural  adaptation  is  more 
related  to  the  amount  of  nutrient  presented  to  the  bowel.  We  will 
discuss  this  dualistic  and  controversial  aspect  of  adaptation  in  more 
detail  at  the  conclusion  of  this  presentation.  Dowling  and  Booth  also 
performed  transposition  studies  (ileal  segment  anastomosed  to  proximal 
jejunum  and  vice  versa),  and  found  marked  hypertrophy  of  the  ileal 
segment  with  increase  in  glucose  absorption,  but  they  encountered  no 
significant  changes  in  the  transposed  jejunum.  As  a  result,  these 
workers  postulated  the  "intraluminal  nutrition"  theory,  which  states 
that  is  is  the  nutrient  in  the  chyme,  and  not  the  volume  of  chyme, 
that  produces  villus  hypertrophy  with  its  concommitant  increase  in  ab¬ 
sorptive  surface.  This  "intraluminal  theory"  finds  good  support  in  a 
number  of  works.  Brobeck  (  53  )  described  in  his  1943  M.D.  dissertation 
at  Yale,  that  rat  induced  to  behavioral  hyperphagia  by  discrete  destruc¬ 
tion  of  the  hypothalamus  showed  a  strikingly  increased  small  intestineal 
dilatation  and  hypertrophy.  Indeed,  their  small  intestine  weighed  approx 
imately  twice  as  much  as  controls. 

Jervis  et.  al  (  54  )  induced  diabetes  in  rats  by  using  alloxan,  and 
found  that  these  animals  ate  3  times  more  than  controls.  The  small  intes 
tine  was  dilated  and  hypertrophied,  but  similar  rats  kept  on  talc 
diet  did  not  develop  any  degree  of  hypertrophy.  As  mentioned  previously, 
Dowling  et.  al  (  51  )  found  no  structural  hypertrophy  in  rats  kept  on 
kaolin/food  diluted  to  different  proportions  except  in  the  muscle  coats 
of  the  colon,  but  that  instead,  there  was  a  marked  increase  in  small 
intestinal  capacity  to  transport  glucose.  They  also  noticed  an  increase 
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in  the  concentration  of  enzymes  such  as  leucine  aminopeptidase  and 
glutomate  dehydrogenase  in  the  mucosal  cells.  Fischer  (55  )  found 
that  feeding  a  diet  containing  lactose  induces  ^-galactoxidase  activity 
in  the  mucosal  cells. 

In  an  elegant  set  of  experiments  Altman  and  Le  Blond  (17  )  con¬ 
ducted  careful  measurements  of  the  several  growth  parameters  as  a  func¬ 
tion  of  villus  length  before  and  after  segmental  transposition.  They 
found  that  the  height  gradient  was  independent  of  animal  size  and  that 
the  villus  size  index  (  #  of  epithelial  cells  per  villus)  was  equal  to 
291  -  1.8  (cm.  from  pylorus).  They  performed  the  same  segmental  trans¬ 
positions  as  previously  described  with  similar  results  (i.e.,  the  ileal 
segment  transposed  proximally  hypertrophies  while  the  jejunal  segment 
transposed  distally  atrophies  somewhat) .  However,  they  then  transposed 
the  duodenum  distally  with  and  without  the  Papilla  of  Vater  and  in 
either  case  observed  the  formation  of  a  "second  gradient"  distal  to  the 
point  of  anastomisis  -  in  no  case  did  the  duodenum  change  size!  Now, 
when  the  ileal  segment  was  anastomosed  to  the  colon,  it  would  increase 
to  the  colonic  size,  whereas  the  anastomosed  duodenal  segment  to  the 
colon  would  decrease  to  the  colonic  size  (intermediate  between  ileal 
size  and  duodenal  size).  Finally,  when  they  anastomosed  the  ileum  to 
the  duodenum  or  stomach  side  to  side,  again  they  noticed  a  second 
gradient  distal  to  the  anastomosis.  On  the  basis  of  all  these  experi¬ 
ments,  these  workers  changed  the  "intraluminal  nutrient"  theory  to  an 
"endogenous  intraluminal"  theory  stating  that  the  chyme  possessed  a 
"villus  reducing  factor"  and  that  the  glands  of  the  pylorus  and  duode¬ 
num  secreted  a  "villus  enlarging  factor",  the  balance  of  both  being 
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responsible  for  the  observable  gradient  and  for  the  hypertrophy  ob¬ 
served  after  resection.  They  postulated  that  the  villus  "enlarging 
factor"  was  secreted  in  response  to  chyme,  and  that  without  these 
factors  the  small  intestinal  villi  took  an  intermediate  size  as  seen 
when  anastomosed  to  the  colon. 

The  Functional  Demand  Hypothesis 

Although  the  intraluminal  nutrition  hypothesis  has  indeed  been 
backed  by  many  experiments,  there  are  other  experiments  that,  while 
not  directly  attacking  the  theory,  require  further  explanations. 

Lo j da  (  56  )  for  example,  found  in  1959  that  in  chronically  and  inter- 
mittantly  starved  rats,  a  marked  adaptive  hypertrophy  of  the  small 
intestine  developes  in  spite  of  a  general  decrease  in  body  weight. 

He  also  noticed  increase  in  alkaline  phosphatase  inside  the  mucosal 
cells  of  the  rats.  Nygaard  (21)  found  hypertrophy  in  bypassed  seg¬ 
ments  of  small  intestine,  where  there  was  no  physiological  inducement 
by  chyme  -  the  bypassed  intestine  being  outside  of  flow. 

Clarke  (  57  )  showed  that  in  ileostomy  patients  the  Na/K  ratio  is 
decreased,  and  that  when  given  salt,  the  ratio  returned  to  normal  for 
that  region.  Clearly,  these  increases  could  not  have  been  the  result 
of  intraluminal  changes  since  chyme  flows  in  the  opposite  direction! 
Ileal  conservation  had  also  been  seen  to  occur  in  experimental  sodium 
depletion  in  dogs.  (  Clarke  (  58)).  Wright  et.  al  (23)  found  an  in¬ 
crease  in  villus  length,  villus  cell  count,  and  water  and  sodium  absorp¬ 
tion  by  the  ileum  in  patients  with  ileostomies.  Wright  (  24  )  also  found 
similar  results  in  rats  after  colectomy  with  ileoproctostomy . 

To  further  test  these  theories,  Tilson  and  Wright  (25)  performed 
intestinal  bypass  procedures  coupled  with  resections.  In  the  first 
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experiment  these  workers  resected  the  proximal  50%  of  small  intestine 
and  they  bypassed  the  distal  10%  of  small  intestine  by  creating  a 
blind  loop  into  the  cecum.  Although  the  distal  ileum  showed  the  ex¬ 
pected  hypertrophy  with  cell  count  and  villus  length  increasing  by 
61%,  the  bypassed  loop  of  ileum  also  showed  a  39%  hypertrophy. 

In  their  second  experiment,  they  performed  an  ileoprotostomy  al¬ 
lowing  the  entire  colon,  cecum  and  two  bypassed  terminal  ileal  segments 
to  be  bypassed,  and  again  observed  23%  increase  in  cell  cound  for  the 
functioning  and  13%  increase  for  the.  bypassed  segments.  On  the  basis 
of  this  data,  they  proposed  the  "functional  demand"  theory:  The 
organism  reacts  to  the  loss  of  sodium  and  water  absorption  implied  with 
the  loss  of  colonic  function  by  inducing  the  remaining  intestine  to 
hypertrophy  and  to  increase  its  water  and  sodium  absorption.  Gallagher 
(59)  and  Kramer  (60)  also  showed  that  in  ileostomy  patients  who  were 
sodium  deficient,  the  small  intestine  was  nevertheless  conserving  sodium 
and  releasing  potassium  -  the  total  mass  of  ileostomy  output  being  pro¬ 
portional  to  the  amounts  of  sodium  plus  potassium  in  it. 

Tilson  and  Wright  (  61  )  also  demonstrated  with  parabiotic  rats, 
that  although  there  was  no  evidence  of  increased  villus  length  in  one 
rat  following  75%  small  bowel  resection  in  the  other,  there  was,  indeed, 
a  27%  increase  in  the  number  of  cells  lining  the  villus. 

Wilmore  and  Dudrick  (  62 )  also  reported  hypertrophy  of  intestinal 
villi  in  the  gut  remnants  of  beagle  puppies  maintained  on  intravenous 
hyperalimentation,  and  Tilson  (  63 )  found  a  65%  increase  in  villus 
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height  of  a  baby  who  underwent  laparotomy  for  proximal  intestinal 
atresia.  Clearly,  in  this  case,  the  hypertrophy  could  not  have  been 
a  result  of  the  diet,  although  Tilson  was  quick  to  point  out  that 
other  intrinsic  factors  -  such  as  the  absence  of  bacterial  flora 
could  account  for  this  increase.  Because  Nygaard  (64)  had  shown  that 
the  length  of  a  side  to  side  anastomosis  was  directly  related  to  the  % 
of  chyme  diverted  Tilson  (  65 )  performed  a  50%  small  bowel  resection 
with  a  2-3  mm  side  to  side  ileo-ileostomy ,  and  he  compared  it  to  simi¬ 
lar  resection  with  a  20  mm  side  to  side  ileo-ileostomy  -  clearly  the 
shunt  being  much  greater  in  the  second  group,  and  its  corresponding 
loop  receiving  much  less  chyme  than  the  first  group.  He  found  equal 
increase  in  villus  height  in  the  two  groups,  although  admittedly,  the 
cell  count  was  significantly  greater  for  the  functioning  segment. 

Again,  although  this  theory  has  numerous  experiments  to  suggest  its 
validity,  there  are  other  experiments  that  do  not;  and  we  will  review 
the  controversy  in  our  conclusion. 

Postulated  Control  Mechanisms 

If  we  accept  that  the  "functional  demand"  model  is  at  least  partly 
explicatory  of  the  observed  facts,  we  must  then  attempt  to  explain  how 
the  body  requirement  exerts  control  over  intestinal  hypertrophy.  We 
had  already  considered  the  "innervation  hypothesis",  and  we  will  now 
analyze  the  possible  controls  included  in  a  humoral  hypothesis. 

Bizzozero  (  66  )  reasoned  in  1892,  that  mucosal  cells  were  produced 
from  mitosis  in  the  crypts  and  were  then  pushed  outwardly  to  become 
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incorporated  on  the  villi,  and  subsequently  sloughed  off  at  the  apical 
region.  He  based  his  reasoning  on  the  fact  that  on  microscopy,  he  only 
visualized  mitosis  at  the  Crypts  but  nowhere  else.  Le  Blond  and  Ste¬ 
vens  (67  )  by  blocking  cell  duplication  during  mitosis  calculated  the 
mitotic  length  of  1.13  hrs  and  the  total  cell  life  of  1.57  days  in 
the  duodenum  and  1.35  days  in  the  ileum  of  the  rat  -  that  is,  faster 
than  any  other  tissue.  Cairne  et.  al  (68  )  using  tritiated  thymidine 
found  the  total  cell  life  2-3  days  in  the  rat  and  further  defined  a 
"critical  decision  zone"  postulated  by  Quasler  and  Sherman  (69  )  as 
the  zone  between  the  lower  two  thirds  and  the  upper  one  third  of  the 
crypt,  since  after  passing  through  that  zone,  cells  would  no  longer 
take  up  thymidine.  Cairne  et.  al  also  found  that  because  the  G.  and  S. 
phases  became  shorter  as  the  cells  approached  this  zone,  it  appears  as 
though  there,  indeed,  exists  a  sudden  change  from  reproduction  to  no 
reproduction  at  a  certain  point.  He  found  the  length  of  mitosis  in  the  rat  to  be 
0.7  hrs.  +  0.16  and  the  velocity  of  migration  =  1.45  cell  positions/ 
hr.  Altman  and  Enesco  (  71  ),  through  a  careful  experiment  and  analysis 
estimated  the  turnover  time  of  the  intestinal  epithelium  to  go  from 
22  days  in  the  weaning  rats  to  21.  days  to  the  adult  rat.  Loran  and 
Althousen  (  18  )  found  that  10%  ileal  resection  induced  increased  migra¬ 
tion  with  an  increased  villus  length,  and  although  Lansky  et.  al  (70) 
found  no  increase  in  mitosis  by  using  tritiated  thymidine,  Livston  and 
Tilson  (  31  )  found  significant  increases  of  labelling  index  (%  of  H^  - 
thymidine  labelled  cells)  in  the  jejunal  and  ileal  crypts  of  resected 
animals  3  days  after  50%  resection  of  the  small  intestine  -  at  a  time 
when  there  are  no  evidences  of  hypertrophy.  Thus,  it  appears  that  the 
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control  of  hypertrophy  might  well  be  measured  by  the  position  of  the 
critical  zone  -  in  allowing  for  a  greater  or  lesser  labelling  index 
-  and  although  a  greater  ratio  of  production  will  probably  be 
accompanied  by  a  greater  rate  of  cell  destruction,  as  seen  by  the  pre- 
viouly  mentioned  experiments  of  Loran  and  Altman,  the  steady  state 
between  production  and  destruction  -  i.e.,  the  villus  length  -  will 
result  increased. 

It  also  appears  that  the  first  commitment  of  the  cells  into  no 
further  reproduction  at  the  critical  zone  is  followed  promptly  by 
further  differentiations.  Indeed,  Altman  (  72  )  found  that  there  is 
no  direct  effect,  for  at  least  36  hours,  of  methotrexate  on  cell  migra¬ 
tion  or  differentiation  in  the  small  intestine  in  spite  of  inhibition 
of  mitosis  within  2  to  3  hours.  Yet,  in  another  experiment  using 
cyclohexamide  (  73  ),  he  found  marked  impairment  in  migration  and 
growth  after  only  2-3  hours  of  injection,  and  he  described  rapidly 
increased  premature  exfoliation  of  epithelial  cells  from  the  villi. 
Also,  this  worker  showed  that  cyclohexamide  induced  a  degeneration  of 
microvilli  and  terminal  web  in  the  lower  villus,  whereas  in  the  upper 
villus  the  microvilli  and  terminal  web  appeared  to  be  normal.  Further¬ 
more,  Lipkin  and  Clastler  (  74  )  and  Altmann  (  75  )  had  also  demonstrated 
that  the  production  of  proteins  gradually  decline  as  the  cells  advance 
from  the  lower  villus  to  the  tip,  and  Charney  (  76  ) ,  for  example,  had 
described  that  the  enzyme  Na/K  ATP  ase  contained  twice  the  activity  at 
the  tip  of  the  villus  than  at  the  crypts  in  the  jejunum,  so  that  al¬ 
though  the  crypts  of  the  jejunum  and  ileum  contained  similar  enzyme 
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activity,  the  tip  of  the  jejunal  mucosa  had  significantly  greater  acti¬ 
vity,  whereas  the  tip  of  the  ileal  mucosa  showed  actually  less  activity 
than  in  the  crypts. 

Thus,  Altman  suggested  that  sometime  prior  to  the  mitotic  block 
at  the  critical  zone,  most  or  all  the  RNA  is  made.  This  RNA  will  first 
synthesize  the  proteins  for  the  microvilli  and  apical  zone  as  well  as 
absorption  enzymes,  and  then  later  it  will  maintain  the  constant  supply 
of  the  intercellular  cement  as  well  as  the  proteins  necessary  for  cellu¬ 
lar  migration,  and  then  when  the  RNA  Pool  runs  out  -  the  cells  would 
slough  off.  Thus,  the  control  of  hypertrophy  besides  being  in  the  size 
of  the  critical  zone,  could  also  involve  the  amount  of  RNA  present  at 
the  "committed  point". 

The  second  way  in  which  the  organism  can  effect  changes  in  the 
mucosal  absorption  is  through  a  control  in  "functional  adaptation". 

The  point  of  whether  or  not  the  body  can  control  "functional  adaptation" 
without  structural  adaptation  is  not  at  all  settled.  We  have  seen  that 
poor  dietiats  have  been  shown  to  have  increased  absorptive  enzyme  acti¬ 
vities  (  51  ) ,  whereas  there  are  disagreements  (  20  )  (  24  )  on  whether 
after  resection  the  functional  adaptation  is  greater  than  that  expected 
by  a  structural  adaptation  (i.e.,  hyperplasia).  We  showed  that  we  can 
inhibit  the  former  without  affecting  the  latter. 

There  have  been  numerous  experiments  dealing  with  electrolyte  and 
water  transfer  across  intestinal  membranes  and  these  have  been  well 
summarized  by  Turnberg  ( 77  )  and  Edmonds  (78  ).  Although  the  mechanism 
of  transport  across  the  mucosal  membranes  has  not  yet  been  agreed  upon, 
two  aspects  of  it  appear  clear.  The  first  is  that  the  different  parts 
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of  the  small  and  large  intestine  seem  to  transport  water  and  electro¬ 
lytes  by  different  mechanisms,  or  perhaps  that  different  mechanisms 
operate  simultaneously  but  with  greater  or  lesser  importance  in  differ¬ 
ent  regions  of  the  gut  (79  ).  Barry  et.  al  (80)  found,  for  example, 
by  using  everted  sacs  taken  from  different  segments  of  small  intestine 
that  glucose  dependent  transfer  of  fluids  is  greater  at  the  jejunum 
than  at  the  ileum.  It  was  also  known  using  f luoroacetate ,  that 

the  effect  of  glucose  on  fluid  transfer  was  not  through  the  Krebs' 
cycle,  so  that  there  could  be  some  common  carrier  for  both.  However, 
Barry  et.  al  (  80)  immediately  pointed  out  that  there  is  also  a  glucose 
independent  sodium  and  water  transfer;  and  Cummings  ( 81  )  states  that 
unlike  the  jejunum,  the  colon  absorption  is  not  stimulated  by  glucose, 
bicarbonate  or  amino  acids. 

Tilson  and  Wright  (  82  )  showed  that  14  days  after  transposing  17 
cm  of  ileum  into  proximal  jejunum,  there  was  a  significant  increase  in 
the  Na/K  ATPase  enzyme  activity.  Thus,  it  appears  that  the  different 
intestinal  regions  may  induce  or  repress  different  enzymes  involved  in 
transport.  The  second  aspect  of  the  transport  mechanism  is  that  the 
organism  may  exert  control  through  more  than  one  system.  For  example 
Fordtran(  83  )  reviews  the  two  mechanisms  postulated  to  explain  the 
stimulation  of  sodium  absorption  by  sugars  in  the  intestine:  "the 
common  carrier"  and  the  "solvent  drag"  and,  by  comparing  different  rates 
of  absorption  of  different  sugars  and  solutes,  comes  to  the  conclusion 
that  the  "solvent  drag"  mechanism,  (a  model  that  states  that  glucose 
absorption  stimulates  water  absorption  and  that  in  turn,  water  movement 
across  the  mucosa  "drags"  the  sodium  as  well),  is  the  more  important. 
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Another  very  interesting  model  proposed  is"muscular"-  that  is,  intra¬ 
luminal  pressure.  Bury  and  Wright  (  84  )  proved  that  the  colon  could 
reverse  its  absorption  to  net  colonic  resection  by  increasing  the 
intraluminal  pressure,  and  proposed  that  this  phenomenon  was  due  to 
the  hydrostatic  changes  occurring  on  the  double  membrane  model  postu¬ 
lated  by  Curran  Lately,  the  literature  has  also  shown  interest 

in  the  control  of  potassium  transport.  Finkelstein  (  35  ) > 

for  example,  demonstrated  that  renal  Na/K  ATPase  activity  increases 
specifically  in  the  region  of  the  medulla  after  intravenous  loading 
with  KCI  and  that  this  effect  is  not  mediated  by  mineralocorticoids 
but  seems  to  be  a  direct  response  to  interstitial  increases  in  potas¬ 
sium  concentration.  Likewise,  Binder  et.  al  (  86  )  found  that  chronic 
K  loading  for  (7  days)  induced  an  increase  in  Na/K  ATPase  activity  of 
the  colonic  mucosa  rat,  and  this  increase  also  occurred  in  adrenalec- 
tomized  rats  as  well.  Hardy-Smith  (  87  )  also  found  an  increase  in 
potassium  secretion  into  the  lumen  following  an  increase  in  intravenous 
potassium  concentration  -  and  these  changes  were  not  mediated  by  aldos¬ 
terone.  The  adaptation  of  the  organism  to  load  and  needs  for  electro¬ 
lytes  seems  to  be  universal.  Skadhauge  (  88  )  has  shown  that  the  eel  - 
a  fish  -  can  survive  in  waters  of  different  salinities,  and  adapts  to 
changes  in  NaCl  concentrations  by  increasing  its  intestinal  absorption 
of  sodium  against  a  concentration  gradient  of  twice  sea  water  concentra¬ 
tion.  A  very  interesting  study  has  been  recently  performed  by  Hill  et. 
al  (  89  ) .  They  found  that  ileostomy  adaptation  in  humans  was  impaired 
if  accompanied  by  ileal  resection.  In  this  case,  they  found  that  6 
months  after  ileal  resection,  these  patients  had  mean  daily  outputs  of 
fluid  and  sodium  of  more  than  two  and  a  half  times  that  of  the  non- 
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resected  group,  and  the  ileostomy  fluid  in  this  group  never  thickened 
as  occurred  in  the  controls.  However,  the  author  did  acknowledge  that 
this  increase  could  have  been  the  outcome  of  increased  bile  secretion 
in  the  ileostomy  fluid.  This  experiment,  nevertheless,  points  to  the 
higher  potential  for  adaptive  capacities  of  the  ileum  over  the  jejunum 
a  phenomenon  that  has  already  been  described  in  the  previous  pages. 

To  summarize,  the  studies  of  "functional  control"  postulate  several 
mechanisms  for  water  and  sodium  transport  -  some  glucose  dependent  and 
some  glucose  independent.  The  most  obvious  humoral  controlling  sub¬ 
stances  are  the  hormones,  and  a  number  of  studies  have  attempted  to 
discover  effects  of  endocrine  and  non-endocrine  hormones  on  the  intes¬ 
tinal  mucosa.  An  excellent,  although  slightly  out  of  date,  review  of 
this  subject  is  the  one  by  Levin  ( 90  )  in  1969.  We  will  concentrate 
on  the  mineralocorticoids  because  they  have  been  directly  implicated 
in  the  adaptation  of  the  ileum  to  colectomy  ( 91  ) •  However,  Le  Veen 
et.  al  (  92  )  have  shown  with  ileal  thiry  fistulas  of  dogs  that  Pit- 
ressin  increased  significantly  the  uptake  of  water  whereas  alcohol 
had  an  opposite  effect.  Likewise,  Dombradi  (  93  )  also  found  similar 
increases  but  Arlen  (  94  )  found  ADH  inhibition  of  salivary  pancreatic, 
and  gastric  secretion,  but  no  effect  in  the  small  intestine.  In  a 
recent  experiment  using  thyrocalcitonium,  Kishoff  and  Moore  (  95  ) 
found  an  increase  in  341%  of  Na  and  water  excretion;  it  is  well  known 
that  diarrhea  is  observed  in  1/3  of  patients  with  increased  thyro¬ 
calcitonium  from  medullary  carcinoma  of  the  thyroid.  Other  recent 
works  involve  the  effects  of  prostaglandins  (  96  )  (  97  )  (  98  ) . 
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Prostaglandin  F„  nad  E9  are  also  known  to  produce  increased  electro¬ 
ns  z 

lyte  secretion  from  the  small  intestine.  Field  et.  al  (99)  has 
also  recently  found  that  epinephrine  or  norepinephrine  appear  to  block 
the  effects  of  PGE,  and  that  this  effect  appears  to  be  <*■  adrenergic 
The  Mineralocorticoid  Effects 

Berger  et.  al  ( 100)  used  Thiry  fistula  in  dogs  to  study  the 
fluxes  of  sodium  and  potassium  with  radioisotopes.  DOCA  was  seen  to 
increase  the  sodium  absorption  and  potassium  secretion  only  in  the 
colon,  but  these  workers  administered  the  drug  only  19  to  20  hours 
prior  to  the  experiment.  The  same  results  were  observed  by  Levitan 
and  Goulston  (lOl)  after  24  hours  of  aldosterone  administration.  In 
contrast.  Spat  et.  al  (102),  found  a  definite  increase  in  sodium  ab¬ 
sorption  and  potassium  secretion  in  the  rat  after  aldosterone  admini¬ 
stration,  and  they  found  that  these  effects  were  more  pronounced  in  the 
proximal  segment  of  the  ileum.  Denis  and  Wood  (103)  noticed  that 
adrenocortical  extract  corrected  for  the  sodium  less  in  Thiry  fistulas 
of  adrenalectomized  dogs.  Goulston  and  Harrison  (104)  demonstrated 
in  patients  with  ileostomies  that  f luorocortisone  lowered  the  ileos¬ 
tomy  Na/K  ratio  by  30%.  Porter  et.  al  (105)  in  a  classic  experiment 
in  the  frog’s  bladder  found  that  1)  the  isotopic  labelled  aldosterone 
was  found  in  the  epithelial  nuclei,  2)  that  the  subsequent  increase 
in  sodium  transport  could  be  blocked  by  actinomycin  D  and  puromycin 
and  3)  there  was  an  immediate  increase  in  RNA  after  aldosterone  was 
given,  and  they  concluded  that  aldosterone  acted  through  the  synthesis 
of  RNA  in  the  nucleus.  Casltes  and  Williamson  (l06)  showed  the  same 
theory  in  the  rat’s  kidney.  If  true,  this  would  explain  the  negative 
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results  observed  in  some  experiments,  where  not  enough  time  was  allowed 
for  the  induced  cells  to  take  their  place  on  the  villus.  The  definite 
experiment  was  performed  by  Crocker  and  Munday  (107 )  ,  who  demonstrated 
an  increase  in  Vitro  absorption  for  rats  kept  on  low  salt  diet  using 
everted  intestinal  sacs.  They  followed  the  experiment  with  a  second 
one,  that  consisted  in  giving  aldosterone  at  36  -  30  -  27  -  24  hours 
prior  to  sacrifice  of  high  salt  diet  rats,  and  described  an  increase 
in  Na  and  water  absorption  in  Vitro  in  those  rats  kept  on  aldosterone 
for  more  than  27  hours.  Hill  and  Clarke  (108)  were  also  able  to 
demonstrate  significant  absorption  of  sodium  and  water  following  aldos¬ 
terone  treatment.  Tilson,  Phillips  and  Wright  (109)  repeated  the  evert¬ 
ed  sac  studies  after  seven  days  of  DOCA  treatment  in  rats  and  found  a 
significant  increase  in  absorptive  capacity  for  water  over  pair  fed 
controls.  More  importantly,  they  also  noticed  a  significant  increase 
in  villus  length  and  in  Na/K  ATPase  activity  in  the  ileum  of  these  rats. 
This  was  a  clear  example  of  structural  adaptation,  as  well  as  functional 
adaptation,  to  hormonal  inducement.  Unfortunately,  Charney  (110)  has 
not  been  able  to  find  any  changes  in  the  small  intestine,  after  giving 
the  same  amount  of  DOCA  to  rats  for  3  days.  He  did  observe  increase  in 
Na/K  ATPase,  Na  and  water  absorption  in  the  colon,  however,  or  with 
methylprednisone  in  both  the  colon  and  small  intestine.  Thus,  we  see 
that  the  question  of  hormonal  mechanisms  of  control  of  sodium  and  water 
transport  are  still  under  heavy  investigation. 
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CONCLUSION 

The  data  supporting  the  functional  demand  and  the  intraluminal 
hypotheses  is  slowly  bringing  both  theories  of  control  together. 

Indeed,  it  seems  that  both  factors  -  what  is  presented  to  the  organ¬ 
ism,  as  well  as  wThat  the  organism  needs  -  are  important  control  mech¬ 
anisms  in  intestinal  adaptation.  We  feel  that  one  important  distinc¬ 
tion  that  must  be  made  in  analyzing  the  data  is  to  distinguish  the 
type  of  substrate  involved.  Indeed, the  control  of  electrolytes  and 
water  fluxes  is,  physiologically  speaking,  more  universal  than  the 
control  of  intestinal  glucose  absorption,  for  example,  and  the  two  may 
therefore  act  somewhat  differently.  One  of  the  functions  of  epitheli¬ 
al  surfaces  is,  in  fact,  to  exert  a  control  between  the  electrolyte 
and  fluids  in  the  lumen  (  and  in  lower  animals,  the  body  exterior  as 
well  )  and  in  the  stroma.  If  the  stroma's  extra  cellular  space  were 
water  and  sodium  depleted,  we  can  well  imagine  that  a  homeostatic 
mechanism  could  enter  into  action  to  increase  universal  epithelial 
absorption  -  and  among  these  epithelia  is  the  colonic  as  well  as  the 
small  intestinal  mucosa.  Indeed,  we  are  not  trying  to  oversimplify 
a  process  that  by  our  own  earlier  admission,  works  differently  in  dif¬ 
ferent  parts  of  the  small  intestine,  but  the  need  for  water  and  solutes 
plays  a  greater  part  in  the  body  homeostasis  -  because  of  poorer  re¬ 
serves  -  than  the  need  for  food, and  the  latter  could  be  more  related 
to  what  is  available  outside  of  the  organism.  Nevertheless,  we  are 
only  speaking  of  degrees  of  control  rather  than  an  either  or  type  - 
since  both  the  functional  demand  and  the  intralumirfal  theory,  probably 
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play  different  roles  to  different  types  of  adaptation.  Gleeson  et. 
al  (111),  using  Thiry-Villa  fistulas  showed  that  the  ileal  segment 
became  hypoplastic  after  10  weeks  of  total  bowel  discontinuity,  and 
he  also  demonstrated  that  the  rate  of  absorption  of  glucose  by  the 
jejunal  segment  also  decreased  to  ileal  values  in  that  period  of 
time.  Menge  et.  al  (112)  also  showed  that  the  introduction  of  glu¬ 
cose  solution  into  the  fistula  partially  reversed  the  atrophy  pro¬ 
voked  by  the  process  of  exclusion.  The  main  advantage  of  these 
experiments  is  that  the  experimental  segment  was  anatomically  dis¬ 
connected  from  the  chyme  flow  -  not  just  physiologically  -  as  would 
be  the  case  in  the  previously  described  side  to  side  anastomosis 
and  internal  blind  loops.  The  main  disadvantage  with  the  Thiry- 
Villa  procedures,  however,  is  that  the  intestine  is  no  longer  within 
a  "natural"  physiological  situation  -  as  it  is  not  bathed  by  the  nor¬ 
mal  proximal  intestinal  secretions  that,  although  may  not  control 
adaptation,  might  be  very  important  for  "normal"  physiological  func¬ 
tion.  Altmann  (113)  showed  that  starvation  caused  a  decrease  in  the 
villus  size  index  in  the  small  intestine  of  the  rat  -  and  that  re¬ 
feeding  could  revert  this  process  to  a  degree.  However,  his  observa¬ 
tion  could  well  be  explained  by  starvation  in  the  whole  organism,  not 
just  by  lack  of  chyme  in  the  small  intestine.  Nevertheless,  it  would 
be  interesting  to  repeat  this  experiment  with  intermittent  lack  of 
water  rather  than  food.  Feldman  et.  al  (114)  compared  the  ilea  of 
jejunectomized  dogs  fed  orally  to  the  same  type  of  animals  fed  intra¬ 
venously.  They  found  a  significant  increase  in  villus  height  and  glu¬ 
cose  absorption  in  the  former,  and  a  significant  decrease  in  villus 
length  and  glucose  absorption  in  the  latter.  They  concluded  that  intra- 
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luminal  nutrients  are  necessary  for  ileal  hypertrophy,  and  that  post¬ 
operative  patients  maintained  on  parenteral  nutrition  should  also  be 
fed  orally  to  induce  adaptation.  We  do  not  know,  however,  whether 
the  same  IV  fluids  were  administered  orally,  or  whether  the  animal  ob¬ 
tained  a  normal  food  diet.  This  criticism  can  be  made  for  a  similar 
recent  experiment  by  Heird  et .  al  (115),  who  arrived  to  the  same  con¬ 
clusions.  A  further,  and  more  important,  criticism  can  be  made  of 
the  above  experiments  in  that  total  parenteral  nutrition  might  cause 
intestinal  hypoplasia  by  decreasing  the  organism’s  demand  for  food. 

This  was  recognized  by  Koga  et.  al  (116),  who  kept  puppies  alive  by 
total  parenteral  nutrition  and  observed  intestinal  hypoplasia.  A 
further  criticism  can  be  made  of  this  last  experiment  as  well  as  the 
already  mentioned  similar  experiment  by  Dudrick  et .  al  (  62  )  in  that 
one  should  not  generalize  from  results  obtained  from  developing  or¬ 
ganisms  to  include  adult  stable  physiological  function.  Indeed,  food 
ingestion  might  be  a  required  step  for  normal  intestinal  development. 

Levine  et.  al  (117)  repeated  these  experiments  with  total  paren¬ 
teral  nutrition  but  gave  his  rats  the  same  elemental  diet  intravenously 
and  orally.  These  workers  found  that  the  distal  small  intestine  did 
become  more  hyperplastic  over  transactions,  whether  the  animals  were 
fed  orally  or  intravenously,  but  that  oral  feedings  induced  a  signifi¬ 
cantly  greater  degree  of  hyperplasia  than  intrevenous  feedings.  They 
concluded  that  both  factors  -  unrelated  and  related  to  oral  intake  - 
mediated  intestinal  adaptation. 

In  a  very  recent  and  interesting  experiment,  Menge  et.  al  (113) 
compared  the  remaining  proximal  small  intestine  of  two  groups  of  dis- 


48 


tally  resected  animals:  a  pair  fed  group  with  its  control  versus  a 
free  fed  group  and  showed  that  only  the  animals  maintained  on  a  free 
fed  intake  showed  significant  increase  in  villus  hypertrophy  and 
glucose  absorption.  This  experiment  is  also  interesting  in  that  it 
was  the  distal  small  intestine  that  was  resected,  and  this  result 
makes  us  wonder  whether  the  one  "intraluminal"  explanation  for  the 
findings  of  Wright  et.  al  (  23  )  ( 24  )  might  not  be  that  organisms 
deprived  of  a  colon  drink  more  fluids  and  salts  than  controls,  and 
thus,  there  is  really  a  "psychological  demand"  but  a  "nutritional 
control".  We  found,  however,  that  in  rats  undergoing  colectomies, 
a  high  salt  diet  would  inhibit,  not  increase  water  and  sodium  ab¬ 
sorption  and  Na/K  ATPase  activity,  and  that  a  high  sodium  load  did 
not  significantly  increase  all  these  parameters  in  the  colectomies 
maintained  on  salt  water.  Finally,  Taylor,  Murphy  and  Dowling  (119) 
in  a  very  recent  and  excellent  experiment  may  have  shed  a  light  on 
the  problem.  They  prepared  three  groups  of  rats  that  had  50%  small 
bowel  resection  all  with  their  corresponding  shams  and  controls  (6 
groups  altogether),  and  hypophysectomized  one  group,  while  pair  feed 
ing  the  second  group  and  normally  feeding  the  third.  As  expected, 
they  found  that  adaptation  (villus  height,  glucose  absorption)  was 
present  but  less  so  in  the  pair  fed  animals  than  in  the  free  fed 
groups.  However,  they  also  found  that  hypophysectomy  caused  even  a 
greater  impairment  in  adaptation  than  pair  feeding.  Thus,  they  con¬ 
cluded,  that  (although  food  is  a  regulatory  factor  in  adaptation) 
"pituitary  hormones  do  influence  the  adaptive  response  to  resection. 
Thus,  both  the  "intraluminal  nutrient"  and  the  "functional  demand" 
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theories  appear  to  be  correct,  and  their  relative  importance  perhaps 
varies  with  the  type  of  substrate  digested,  and,  as  we  and  others 
have  shown,  in  the  type-structural  or  functional  -  of  control  involved. 
Through  natural  selection,  organisms  have  "adapted”  to  induce  only 
these  proteins  -  and  by  extension  -  organells,  and  cells  -  that  they 
optimally  need  to  do  their  work.  To  have  too  many  cells  or  enzymes 
inside  these  cells  would  be  as  evolutionarily  detrimental  to  the  organ¬ 
ism  as  to  have  too  few.  We  have  seen  that  both  the  environment  through 
the  type  of  nutrients  available  and  presented  to  the  organism,  as  well 
as  the  organism  itself,  through  its  internal  hormonal  balance,  have  a 
say  in  how  developed  the  intestinal  absorptive  machinery  must  be  at 
any  time.  Throughout  evolution,  the  endothelium  has  been  the  buffer 
between  the  external  environment  and  the  internal  controls.  It  should, 
therefore,  be  influenced  by  both. 
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